Introduction
Copper is registered by US EPA (Environmental Protection Agency) as an antimicrobial material, which is legally permitted to make public health claims.
1) It has been reported that copper surface can effectively eliminate Methicillinresistant Staphylococcus aureus (MRSA), Influenza A (H1N1) and Escherichia coli-DH5 (E. coli) within a few hours, [2] [3] [4] [5] [6] [7] [8] [9] so copper surface can be ideal to be applied in a hospital environment to decrease the chance of transmission of bacteria. The surface of copper metal can be thermally passivated to reflect light and present various color observed by human eyes for decorative purposes 10, 11) and interior design. The surface color of copper is associated with the formation of copper oxides, and the oxidation of copper involves the formation of Cu 2 O, followed by reaction with O 2 as temperature increases to form CuO, as the following equation.
Interior designers have expressed interest in applying thermally passivated copper in bathroom and toilet environment, which is usually very humid. The present study investigates the discoloration and anti-microbial property of a passivated copper surface in a high humidity environment. Experimental works includes spectral colorimeter analysis to monitor the surface discoloration, XRD analysis to identify the phase constituents on the surface, and antimicrobial analysis to evaluate the CFU of E. coli on the surface.
Experimental Procedure
C1100 (99.9 mass% Cu) plates with dimensions of 50 Â 50 Â 1 mm were used in present study as testpieces; surfaces were sand-blasted to a roughness of RA = 0.03 mm, then immersed in 20% diluted H 2 SO 4 for 10 s to reveal bare metal surface prior thermal passivation. Plates were placed into a box furnace with the temperature set at 200 C, after 10 min exposure, surfaces were oxidized and yielded a tan color. Some passivated plates were immersed in reverse osmosis water to simulate a 100% RH humid environment, for 24 h (sample A), 48 h (sample B) and 72 h (sample C) exposures at 25 C; surfaces of these samples were tested by antimicrobial analysis along with samples with un-passivated and aspassivated surfaces. A PANalytical X'Pert Pro XRD system with a calibrated vertical diffractometer and CuK radiation was used to perform XRD analysis on the sample surface after passivation and after antimicrobial tests. The detector range was set between 30-80 for 2 values with step size 0.05 ; acquisition time per step was 2 s. The spectral colorimeter was used to monitor the change in surface color by measuring the color difference (ÁE 12) ) between a tested sample and a reference surface of as-passivated sample. ÁE is defined by the the international Commission on Illumination (CIE) as the following equation:
Where ÁL, Áa, and Áb are color space coordination, and ÁE 2:3 being unnoticeable discoloration. 12) To evaluate its efficacy against bacteria, the surface was first cleaned by air blast, then transferred to an autoclave for 30 min for sterilization prior to inoculation to prevent contamination. The testing method was based on JIS Z 2801: 2000 13) in present study to evaluate the antimicrobial performance of sample surfaces. The pathogenic strain E. coli was first prepared on Luria-Bertani broth for 24 h at 37 C. A cell suspension of E. coli was prepared, and a 0.4 ml drop was then placed onto the surface of sample and held in intimate contact by a sterilized glass. The samples were then incubated for 1 h at 37 C. After incubation, the E. coli on the surface were removed by 10 ml of sterile phosphate buffered saline. To ascertain the number of E. coli removed from the samples, 0.2 ml was removed and serially diluted. Nutrient agar plates were inoculated with each dilution at 37 C for 24 h, and then the number of CFU was determined. Efficacy against E. coli on the surface of copper plates is calculated by the following equation:
Where A is the number of colonies in control group, which is the original concentration of E. coli in the suspension (CFU/ml), and B is the number of colonies in sample group (CFU/ml).
Results and Discussions
Discolorations occurred on passivated surfaces exposing to 100% RH humidity environment could be observed by naked eyes and the degree of color changes (ÁE) were measured to be 6.5, 13.37 and 15.83 after 24, 48 and 72 h exposures, respectively (Fig. 1) . The antimicrobial analysis yielded further discolorations due to the effect of temperature and vapor pressure inside the autoclave chamber and contact with the cell suspension on the sample surface (Fig. 1) . Examination of surface constituents by XRD analysis on an as-passivated surface and the antimicrobial tested sample C (72 h exposure) had shown presence of Cu, Cu 2 O and CuO (Fig. 2) . The qualitative volume fraction of each phase could be extrapolated from the peak intensity of each constituent; the Cu : Cu 2 O : CuO on the as-passivated sample was 78% : 8% : 14%, and those on the tested sample C was 83% : 6% : 11%. So the volume fractions of Cu 2 O and CuO on tested sample were decreased by 21% and 25%, respectively, the dissolution of Cu 2 O and CuO in water and steam environment could be expected as reported in a previous study, 14) and clearly resulted discolorations detected by the spectral colorimeter (Fig. 1) . The efficacy against E. coli bacteria on surfaces of testpieces were all very impressive, with only 1 h contact with the cell suspension, the E. coli CFU had been reduced by 99% and more, ( Table 1) . The efficacy for un-passivated surface, as-passivated surface, and samples A, B and C of C1100 were calculated to be 99.99%, 99.00%, 99.56%, 99.80% and 99.95%, respectively. It appeared that the as-passivated surface was inferior to the others in terms of antimicrobial property; as the dissolution of Cu 2 O and CuO occurred and continued, the efficacy against E. coli increased on the surface. The underlying mechanisms against E. coli is beyond the scope of this paper; however one of our previous studies does indicate that efficacy against E. coli is proportion to the amount of the cupric ion released into the cell suspension. 15) Further work will be required to isolate the efficacy of Cu, Cu 2 O and CuO individually in order to further understand the variation in efficacy as shown in Table 1 . However, results have shown that surface color produced by thermal passivation cannot withstand the high humidity environment, although the surfaces do exhibit impressive anti-bacteria property.
Conclusions
The present study had investigated the discoloration and antimicrobial property of a thermally passivated surface on C1100 copper against E. coli bacteria. The experimental results suggested that passivated copper surface in present study could not retain its color appearance in a high humidity environment. After exposure at 100% RH, a color change (ÁE) up to 15.83 had occurred on the surface; the efficacy to eliminate E. coli bacteria was at 99% and above.
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